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Introduction and Statemen. of Problem

1n a series of projects in our laboratories on the study of discharges in a
magnetic fleld, we limited ourselves to the study of the plasma Z:7 and the anode
part of a stationary discharge. The essential difference between the plasma de-
veloping and that already formed, from the viewpoint of electron optics, is that
in the electrons, there is a difference in the velocity-distribution function.
During ignition of the discharge, a directed motion of the high-speed electrons is
sharply evident. As is known, X-rays are generated on the ancde in the initial
phase, which is positlv?_groof of the highly-directional velocities of the elec-

rons during spark-over/Z2/ In stetionary plesme, the electrons have basically a j
thermal Maxwellian dlstrlbution by velocities with a small drift along the axis of
the discharge. It is natural, therefore, to expect that with the action of the
magnetic lens on the plasma vhich is developing, there should arise specific focus-
ing effects of the concentrated, axial, symmetrical, maganetic field which are much
stronger than in stationary plasma. In the light of this problem, a systematic
study of the influence of megnetic fields of various configurstion on the develop-
ment of discharges in long tubes was undertaken.

‘b_ The theoretical significance of the problem is established by the faci that
theories describing all phases of the development of the discharges in long-dis-

charge gaps do not exist for low pressures at present.

deali
retic

nition of

It is true that questions

with the ignition of gas discharges have had many experimental and theo-
studies devoted to them, but they all pertain either to the problem of ig-

short discharge gaps, or do not deal with the specific electron-optical

mechanisms which appear in the spark-over of long gaps in systems having axial sym-

metry. The usual limiting conditions assume that the discharge takes place between
flat, parallel, infinite electrodes, be‘ween two infinite cylinders, etc. The
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valls enclosing the leng-discharge gaps not only have the function of enclosing the w1
surfaces on which the escape of ions and electrons takes place, but &lso actively ° -t |
participate in the electrical and energy balance of the discharge. * 5
There ere only a few studies dealing with the ignition of discharges in long- 'ﬁg
o, discharge gaps. The dependence of the ignition potential on the radius of the tube K SN
) for neon, silver, helium, and air was found experimentallylg/. Quantitative and ‘e
qualitative data on ignition columns was given in the works of Mierdel and Steenbeck Y
/%, Bartholomyezyk /5, 6;, Seeliger and Bock/7/. The basic idea in the work of '*.

Mierdel and Steenbeck is that the electron, during its existence, i.e., until it
reaches the walls, should generate its substitute.

Steenbeck derives the igniticn conditions for limited discharge

’ Yaa,—(c“""—-/)—:/,
(1)

where o = x __1/__ .

The term < iynl;Fharacterizes the losses of charged particles per unit
length of the path. Llrepreaents the section of the path traversed by an electron
in tbe direction of the field; L+ 1s the section of the path traversed by an ion in
the direction of the field; (Xis the coefficlent of volumetric ionizetion of the
electrons; ¥ is the coefficient of surface ionization of the ions, ani d is the wh
distance between the electrodes.

However, it should be noted that Steenbeck's expression relates essentially to
the moment when the static coiumn is established in the presence of an already ex-
isting longitudinael field, formed by charges which cover the walls uniformly. The
problem of how the field in the column was created and how the charge on the walls
was formed lies outside Mierdel's and Steenbeck's theory. Seeliger and Bock, exami-
ning diffusion equations in corresponding conditions (low pressures and long gaps),
showed that practically no electron can penetrate a distance further than the radius
cf the tube, from the place of its origin in the direction of the field.

Further, in deriving the ignition conditions, Mierdel and Steenbeck concluded
that all secondary processes lead to the extraction of electrons from the cathode
surface by the ions, i e., they did not take into account the part played by charged
particles originating ass & result of photoionization in the gaseous space and on the
cathode surface. Flnally, they considered as constant the coefficients Xand 7
vhich are functions of time alone, and completely ignored the role played by the
epace charges originating in the gap which distort the field distribution.

s Bartholomyezyk, basing his work on Mierdel's and Steenbeck's ideas, further de-
veloped them. He introduced & time factor in the integration of the particle-bal-
ance equations, taking into account the diffusion on the walls. The calculation of
the boundary conditions gives & generalization of the ignition conditions in the

form d .
Sroo2:4e -

% wf[“'?z—(%“@r)-‘v"]dz ]

2 (2)

which, for a uniform field (& = const) and a stationarily burning discharge, changes
to the Mierdel-Steenbeck conditions.

In additior, Bartholomyezyk atterpted to calculate the role of photoionization

i on the cathode and concluded that this photoionization should grow with an increase
st the gap length d. It is necessary to point out thet a principal difference ex-

iste between Bartholomyezyk's time constant and the actual time of the formation of

the discharge. He did not consider the part played by the #ield on the walls, whose
charge gradually becomes constant longitudinally. nor the distortions of the field
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introduced by the space charges of the ions during ignition, etc. Since, during
ignition, we are desling with a directed movement of charged particles in an ax-
ial-symmetrical system, i.e., the discharge tube, it is convenient to examine the
rhenomenon as an electron-optical problem. To demonstrate our supposition, an
iron-clad megnetic lens with an air gap was selected. The ignition potential was
selected as the criterion of the influence of the lens field on the development of

the discharge.

Magnetic Lens and Tube

Measurement of the lens field showed that it extends far beyond the limits of
the lens gnp. This is connected with the internal diameter of the lens -- 65 mil-
limeters. The width of the lens was 66 millimeters and the width of the gap was 5
millimeters. The lens was festened to an optical bench and was freely movable on
the measuring tube. The construction of the measuring tube was very simple. The
cathode was securely fastened on the axis in a slide which permitied change to
other forms of electrodes. The anode was - round-edged flet disc witk a Qiameter
of 12 millimeters. The anode could be freely shifted by using the magnet and, in
the same way, the length of the discherge gap could be changed from 93 to 150 mil-
limeters. The diameter of the tube was 20 millimeters. The tube construction
satisfied the following condition: the length of the gap was considerably greater
than 1ts diameter. The measurements vere made in neon in a pressure interval of

0.1 to 0.6 millimeters.

Action of Megnmetic Lens During Spark-Over in Cathode Sections of Discharge

The lens was placed on the tube so that the discharge puint was located ex-
actly at the edge of the lens. The distance from the point (cathode) to the center
of the gap was 33 millimeters. This distance remained constant so that the loca-
tion of the lens did not change the velocity of the electrons, i.e., taking one of
the curves, the initial velocity of the electrons on entering the lens was almost
constant. The first series of curves was taken at a pressure P equals 0.1% milli-
meters of mercury. Since the curves giving the relationship between the ignition
potential Vy and I (current in the coil) were nearly parabolas, then the curves Ve

were plotted as functioms of I-.

Figure 1 shows that for a distance in which d equals 95 and d equals 130 mil-
limeters, a reasonably straight-line relat!onship is obtained. A dip is seen in
the third curve. The straight-line parts of all three curves have about the same
5lope o, at which tg« equals 150 V,A. At higher pressures (p equals 0.26 milli-
meters of mercury and p equals 0.32 mill!meters of mercury) the dips are not found
on the parabolas, end linearity was more clearly evident, (Figure 2). fThe slope
is st111 the same. In the change to lower pressures, the symmetrical dips become
deeper and more abrupt; and as the distance between the lens and anode is in-
creased, the dips are shifted toward the ares of weaker currents (Figure 3). Thus,
with this series of observations, certain conclusione can be drawn.

The 1gnftlon potential Vy is a function of the nature of the electron motion.
The leus, forming the initial electron beam, decreases the losses of charged par-
ticles on the walls and increases the efficiency of each particle by directing it
along a more favorable path. The action of the lens fecilitates tne establishment
of a galvanic connection between the cathode and anode, which should exist in the
first phase of the development of the plasma. Both effects must be connected with
the optical power of the magnetic lens.

Since H~1, then % T k1 and, consequently, Vg = ;J(IE), i.e. it will be a cer-
tain function of I°. Tests show that under certa.n conditions this is actudlly so.

The factors entering into¢g are the parameters of the coil, velocity of the
electrons _(the relationship-ﬁé. In addition, allowance 1s made for collisions
since the magnetic lens formula is correct for electrons not sustalning collisions.
The phenomenon of elestron-optical mechanisms is astonishing at such relatively
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high pressures as tenths of wmillimetrrs. The explanstion for this ig that during
spark-over there is a sharp indicetion of directed electron motion.

If ve evaluate the free path length of the electron, then it is found that
the dip on the curves appears at pressures when the length of the free path is
equal to the radius of the tube. Tt is possible that the fastest electrons from
the discharge point can strike the wall and, charging the wall negatively, form
8 ring of negative charges on it which can be regarded as an additional electrical
leas (Venel't's cylinder). This lens causes the dip effect on the parabolas. Ad-
ditional decrease of the ignition potential is thus associated with an additional
electrical tocusing of the electron current from the discharge point to the anode.
Thus, at high pressures, only the magnetic lens operates; at low pressures, both
the magnetic and electrical lenses.

Change in Ignition Potential as a Function of Distance Between Anode and Lens

It is obvious that electron-optical mechaniems can be demonstrated through the
periodic change in ignition potentisal.

A change in the form of the curves, depending on the anode position, and also
considerations of the relative presence of a focusing region, show that, in analyz-
ing Vg equals f(d) with the location of the anode 2t a distance correspending 4o
the foucal distance of the lens, a certain miuimum ignition potential shoula be ob-
served. This will occur when the greatest number of electron paths end on the ag-
ode. Figure b gives the dependence of the ignition potential on the distance be-
tween the cathode and anode for various currents in the coil. The pressure p
equals 0.14 millimeters of mercury. On all the curves there can be found two min-
loum points and one maximum. Thus, the curves show a certain periodic change.

Ignition With Magnetic Lens Shifted From Cathode

The magnetic lens is placed 63 millimeters from the cathode. fThe distance
between the anode and cathode can be changed from 93 to 150 millimeters. A point
cathode ig used, while the snode is = flat disc wich a diameter of 12 millimeters.
The results of the measurements are showa by the curves of Figure 5. Attention is
called to the dips which are less pronounced for the weaker currents in the lens.
Periodic increases and decreases of the ignition potential, with a change in lens
current, can be explained by the fact that the focusing area is shifted relative to
the anode. This can be directly observed if the current in the lens is taken as a
parameter and the anode is shifted. Figure 6 represents this case, showing the
sharply expressed periodic chenge of the ignition potential. The curves of the de-
pendence of AVL on d are represented in Figure 7, but they were obtained in & Qif-
ferent way. Here, each point was taken as the difference between the ignition po-
tentiel without a field and with a field for a given position of the anode d.

It is clear from Figures 6 ard 7 that, with an increase of the magnetic field,
the auplitudes of the oscillations in ignition potential sre increased, while the
period decreases. The picture obtained beccmes understandable if we keep in mind
that the internal lens diameter !s 65 millimeters and, consequently, the field ex-
tends beyed the limits of the lens in both directions.

It is interesting to compare the inflvence of the magnetic lens when located
at the cathode and at the plasma region. If the lens is located at the cathode,
the electrons immediately fall into the strongly concentrated field of the lens,
and, therefore, even small currents in the leas have a sufficiently strong in-
fluence on the electron trajectories. As & result, the curvesg have a correct form.
In the second case, since the electrons coming from the direction of the cathode
fall into a comparatively wesk dispersion field, small lens currents have little
effect on the formation of the initisl electron beam and, consequently, on the
change of the ignition potential. Besides this, the beam falling into the lens
field should be less concentrated due to the great distance from the cathode,
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It appears to us that the periodic chunge in the ignition potential is typical
of electron-optical effects and is associated with the kinetics of electrons inm the
lens field in the presence of the drift velocity. From the increase in amplitude
sz 88 H 18 increased, it is easy to understand that the stronger the field, the
greater the effect. The periodicity in the space is comnected with the periodic
focusing of electrons on section 2, which leads tc the appearance of a correspond-
ing periodicity in the ignition ootential

2= 207G o

. eH (3)

where ¥cosd 18 the drift velocity along the axis of the tube. By substituting the
drift velocity in place of the actual velocity, we allowed for collisions to some
extent. If the longivudinal magnetic field is decreased, then the distance be-
tween the maxima of the ignition potentials is increased. This can be seen by
comparing Figures 4 and 6. Actually, the intervals between maxima increase accord-
ing to increesing distances from the lens. A clearer periodic change in ignition
can be found ir a uniform longitudinal field. .

Influence of Uniform Magnetic Field on Ignition Potential

If the expressed considerations are correct, then the periodic change of the
ignition potential should also be observed in the longitudinal field of a long coil
by moving the anode along the axis of the tube.

The distance between the cathode (point) and anode (disc) was adjustable from
75 to 135 millimeters. The coil, 600 millimeters long with a diameter of 80 mil-
limeters, was moved along the tube 60 that the cathode was located within the coil
at a distance of 60 millimeters from the edge. The results of the measurements
are given in Figure 8, where the curves show the dependence of the ignition poten-
tial on the coil current, with d serving as a parameter, and in Figure 9a where
the curves represent the dependence of the difference in ignition potentials with
and without a megnetic field (AV.) on 4 {with coil current serving as the para-
meter). While the strength of the current in the coil is emall (3-4 amperes), the
ignition potential does not change significently. A particularly abrupt drop of
the ignition potent:ial is found for currents of 5-6 amperes, which corresponds to
a field of about 90 gausses (when I equals 6 amperes, H equals 87 gausses).

A further increase of the field to 145 gausses, corresponding to a coil cur-
rent I equals 10 amperes, does not lead to any further substantial decrease in ig-
nition potential. On the other hand, there is found a distinctly expressed per-
iodic change in the ignition potentials at these currents. Therefore, if z is de-
termined for several currents in the coil and the curve z ) is constructed, or
vhat amounts to the same, 2z 6&9, then a linear relationship is obtained, as was
expected (Figure 9b). The drift velocity, according to Raether L§7 for p equals
760 millimeters of mercury and E equals 31,600 volts rer centimeter equals

V- =2x/07 centimeters_per. second.

Congidering that V4 equals f (;H. the drif. velocity of the electrons can be
evaluated roughly for ignition under our conditions. Considering that the poten-
tial drop along the tube is uniform, we get E.equals 42 volts per centimeter add p
equals 0.1 millimeters of nIroury.

7
Then, vd z M,-(;E)x—@ =2 x 108 centimeters per second.

Placing this value of the drift velocity of tne electrons into the formula
for the ignition potential period, an approximate value can be obtained for the ra-
tio -+ and it is possible to quantitatively verify the concept of the connection be-

14
tween ignition potential and electron focusing.
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For a fleld H equels 145 gaucses, z equals 1.7 centimeters, Substituting in
formula (3), ve get

e __ 18
= = gd.2 x/0'°.
The order of magnitude is correct, despite the very rough approximation.

Magnetic Lens in Anode Sections of Discharge

The measurements were taken in a tube with the cathode in the shape cf & flat
disc with rounded edges and a diameter of 12 millimeters. The anode was a hollow
cylinder 60 millimeters long, having a diameter cf 6 millimeters.

The magnetic lens was fixed on the tube in such a way that the whole anode
cculd be shifted into the concentrated lens field. The distance between the elec-
trodes varied from 35 to 60 millimeters by moving the cathode with the help of a
magnet. The curves of the dependence of Vz on the lens current I are given in
Figures 10 and 11. When the pressure is sufficiently large (Figure 10), the igni-
tion potential increases with an increase in the magnetic field. This is clearly
a result of the hampering effect on the electrons falling into the anode (a de-
crease In the probe currents occurs for this same reason),

in & direction perpen-
dicular to the magnetic field.

At lower pressures, (Figure 11), the ignition potential at first decreases
only for large lens currents. At a pressure p equals 0.15 millimeters, the igni-
tion potential for all currents in the presence of a field is no higher than the
ignition potential without a field. Characteristic humps are ncticeable on the
curves which indicate a certain tendency to increase the ignition potential. Ob
viously, here are the combination of two effects: the effect discussed above
vhere the wutually perpendicular electrical field and the magnetic field of the
lens are combined, and the second effect of the focusing of the electrons (elec-
tron-optical effect). If we plot the curve showing the dependence of 4v, on 1/p
in order to detect the exact moment when the {gnition potential changes from an
increasing to a decreasing functlon, then it will be apparent that the change oc-
curs suddenly. This change can be related to the ignition of the original plasma

at the anode surface (strengthencu .onization in the reglon of Lhe anode drog) .

When the pressure is lowered, the runs increase and the electrons begin to
lonize actively at the surface of the anode and form additional plasma. From
this moment, the d effect almest does not hinder the focusing action of the lena.

A similar picture is obtained with these same electrodes if a tube is placed
in the long coil. It is clear from Figure 12, that here also, as the field is
strengthened, the igni lon potential at first increases, and then drops suddenly
with currents in the coil of 5-6 amperes (H equals 80-90 gausses). This can be
explained, as in the previous case, by the rise of active plasma at the anode.

Conclusions

1. Investigations were conducted on the influence of a concentrated magnetic
field (the field of a magnetic lens) on the development of a discharge in an axial-

ly-symmetrical system -- & long cylindrical tube with a point source of electrons
(point cathode)

2. 1t was shown that, under the examined coniitions, there erxists a definite
relationship between the laws of electron optics and the development of a gaseous
agscharge: (a) the ignition potentisl is approximately a quadratic function of
I° which indicates the conuecticn with the magnetic lens formula; (b} the periodic
change of the ignition potentiml was determined and an interpretation given of
this effect as being a periodic focusing of electrons.

3. The calculated § obtained from these considerations was of the correct
order of magnitude.
- -
Loedl, "5"1'3.'11.
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4. The noticeable focusing of electrons in definite places along the dis- ” ) ._ll }
charge gap 18 facilite%ed, during ignition of the discharge, by the fact that the I N
electron motion in this phase of the discharge has a highly directional character. ‘
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